The purpose of this study was to determine whether bovine immunodeficiency virus (BIV) is vertically transmitted in naturally infected dairy cattle. Twenty-two dam/calf pairs from a Mississippi Agriculture and Forestry Experiment Station dairy were the study group. Blood samples were collected following delivery of calves, the peripheral blood leukocytes were purified from these samples, and the leukocyte DNA was used in polymerase chain reactions targeting the pol gene region of the BIV provirus. Southern blotting and hybridization were used to confirm the BIV specificity of the amplified fragments. BIV provirus was detected in 14 of 22 calves (64%), demonstrating vertical transmission. Eight of the calves were disqualified from the final interpretation of transplacental transfer because they may have nursed their mothers prior to blood collection, allowing the possibility of lactogenic transfer of the virus. Transplacental transmission of BIV was identified in 6 of 22 calves (27%).
Vertical transmission of lentiviruses has been well described. Pediatric AIDS was reported in 8,718 children in the USA in 1999, and the mothers of 91% of those children were either infected or at risk for HIV infection. 8 The incidence of vertical transmission in the USA is approximately 5-10% of pregnancies occurring in HIV-infected women. 9 In a recent study, 60% of the full-term kittens born to 12 cats experimentally infected with feline immunodeficiency virus (FIV) were FIV positive at birth. 25 FIV infection was identified in 59 of 83 kittens born to cats that had been infected with FIV for an average of 14 months, and 50% of these kittens were FIV-positive at birth. 22 Maternal-fetal transmission of simian immunodeficiency virus (SIV) also is known to occur. 2, 17 Postnatal transmission via breast milk was documented in 14-29% of pediatric HIV-1 infections. 12 Lactogenic transmission has been documented in SIV-infected monkeys, maedi/visna virus-infected sheep, caprine arthritis-encephalitis-infected goats, equine infectious anemia virus-infected horses, and FIV-infected cats. 1, 11, 13, 17, 21, 29, 31 Bovine immunodeficiency virus (BIV)-infected leukocytes in the milk of BIV-infected cattle was demonstrated, but lactogenic transmission of BIV has not been proven. 20 Several bovine viruses are known to be transmitted by vertical means, and bovine viral diarrhea virus is the most well studied. This virus is able to cross the bovine placenta at various stages of gestation, resulting in very different clinical outcomes. Passage of the virus across the placenta between 50 and 100 days gestation may result in fetal abortion and mummification; passage across the placenta between 100 and 150 days may result in congenital defects, corresponding to the final stages of organogenesis in the fetus; and passage of the virus across the placenta at 150-200 days gestation may result in offspring that are immunotolerant, persistently infected, and constantly shedding virus into the environment, leading to dissemination of the virus in the herd. 4 BIV is a lentivirus that was first isolated from a Louisiana dairy cow exhibiting persistent lymphocytosis and extreme wasting. Necropsy revealed the presence of clinical and histopathologic changes, including mild lymphocytic perivascular cuffing in the brain. 34 Although BIV infections are sometimes identified in diseased animals, a causal relationship between BIV and bovine disease has not been proven. 19, 30 Seroepidemiologic investigations suggest that BIV is sporadically present in cattle populations in the USA, with a higher incidence occurring in the southern or southeastern regions. 5 This laboratory reported a high incidence of BIV-infected cattle in 2 Mississippi Agriculture and Forestry Experiment Station (MA-FES) dairy herds. 10 There is currently no documentation of the mechanisms of transmission of BIV, but based on the vertical transmissibility of lentiviruses of primates and domestic animals, it was hypothesized that BIV can be transmitted via the transplacental route. The purpose of this study was to determine whether BIV could be transmitted from naturally infected pregnant cattle to their offspring. Molecular techniques were used to document the presence of BIV provirus in calves born to BIV-infected cows. Conclusive evidence of transplacental transmission of BIV in its natural host was obtained.
Materials and methods
Animals. Dairy cattle from the Coastal Plain Dairy Research Station, a MAFES herd located in Newton, Mississippi, were used in this study. Twenty-two mother/calf pairs were used for the study, and blood was collected during the fall 1998-winter 1999 calving season. Blood samples were collected initially from pregnant cows for serologic evaluation of BIV infection 8 months prior to calving, and cows whose serum contained BIV-specific antibodies (seropositive) were identified by Western blot analyses.
Blood collection and processing. Paired blood samples were collected from the BIV-seropositive dams and their offspring as soon after calving as possible and prior to nursing. Whole blood samples were collected from mature animals via tail venipuncture and from calves by jugular venipuncture. Twenty-milliliter samples of blood were collected into evacuated tubes containing ethylenediamine tetraacetic acid (EDTA) as the anticoagulant. The blood was layered over sodium diatrozoate a and centrifuged for 30 min at 400 ϫ g. The plasma was saved. Peripheral blood leukocytes (PBL) were collected from the sodium diatrozoate/plasma interface and washed with phosphate-buffered saline (PBS), and the number of viable cells was determined by trypan blue exclusion. The DNA from the PBLs was purified utilizing a DNA isolation kit b according to the kit instructions. Ten milliliters of whole blood from the same animals were collected into serum tubes. The serum was separated from the clot by centrifugation and used in serologic studies.
Virus propagation. BIV-R29 (provided by Dr. Cecelia Whetstone, National Animal Disease Center, Ames, IA) was propagated in vitro in fetal bovine lung (FBL) cells. BIV-R29-infected FBL cells and uninfected FBL cells were maintained in Dulbecco modified Eagle medium c supplemented with 10% fetal bovine serum c and antibiotics. DNA from infected and uninfected cells was extracted and used as BIV-positive and -negative control DNA for the polymerase chain reaction (PCR) assay. DNA extracts were prepared from cultured cells as follows. Confluent cultures of BIV-infected and uninfected FBL cells were detached from culture flasks using trypsin-EDTA c and washed twice with PBS. The DNA was purified from the cells utilizing the DNA isolation kit. b PCR. BIV proviral DNA was amplified using a singlestage PCR method that targeted a conserved region in the reverse transcriptase (RT) domain of the BIV pol gene. The DNA samples were tested using either RT primer pairs or pol primer pairs 20, 32 (Table 1 ). The RT primer pairs flank the region targeted by the pol primers. Some samples were tested with both sets of primers. The PCR was performed as follows: 1 g of DNA was added to a 50-l reaction mixture containing 20 pM primers (sense and antisense), 2.0 mM MgCl 2 , and 0.1 mM each dNTPs, and 1.5 units Taq polymerase. d Amplification was accomplished with a thermalcycler e using 1 cycle of 94 C for 10 min and 34 cycles of 94 C for 30 sec, 55 C for 30 sec, and 72 C for 2 min, followed by 1 cycle of 72 C for 5 min. All PCR experiments included reaction mixtures containing negative control DNA and positive control DNA to ensure the reactions were working properly. Amplified DNA products were size fractionated by electrophoresis on 1% agarose gels. f The products were electrophoresed in 0.5ϫ Tris-borate-EDTA at 50 volts for approximately 2 hr. The bands on the gel were visualized by transillumination with ultraviolet (UV) light. To determine whether the DNA extracted from the PBLs was of sufficient quality for PCR analysis, the previously described reaction was performed using the primer pairs designed to amplify a 370-base pair (bp) region of the ubiquitous bovine actin gene 32 (Table 1) .
Southern blot and hybridization. Southern blot and hybridization reactions were performed to confirm the BIV specificity of the PCR products amplified using the RT or pol primer pairs. Following agarose gel electrophoresis of PCR products, the gel was rinsed with distilled water, denatured using 0.5 M NaOH/1.5 M NaCl for 75 min at room temperature, and then neutralized for 45 min in neutralizing buffer (0.5 M Tris, 3.0 M NaCl). The DNA was then transferred to a nylon membrane g using established procedures. 34 Following the transfer, the membrane was cross-linked using UV light h and then incubated in hybridization buffer (0.1% [w/v] hybridization buffer component [supplied in enzyme chemiluminescent kit i ], 0.02% [w/v] sodium dodecyl sulfate [SDS], 5ϫ standard saline citrate) for 3 hr at 42 C. A BIV pol-specific oligonucleotide probe internal to the PCR primers (5Ј-CCTTCTCTGTAGTCCCTGTA-3Ј) was end-labeled with fluorescein-11-dUTP, using the enzyme chemiluminescent kit i according to the manufacturer's instructions. Hybridization, washes, and detection were performed according to protocols provided in the ECL kit. The chemiluminescent reactions were detected by exposing membranes to x-ray film j for variable time periods, depending on the intensity of the fluorescent signal. Western blot and hybridization. Analysis of blood serum or plasma was done to determine the presence of BIV-specific antibodies in the peripheral circulation of mother and calf. Whole BIV-R29, purified from cell culture supernatant fluid, was used as antigen in the Western blot and hybridization assay. Purified BIV proteins were resolved by electrophoresis k in 12% SDS-polyacrylamide gels. Resolved proteins were transferred to nitrocellulose membranes l using the Towbin buffer system (25 mM Tris, 192 mM glycine, 20% methanol) and a blotting apparatus. m Transfer of the proteins was carried out overnight at 4 C using a current of 100 mA. Hybridization was performed according to a re-ported technique 36 using a 1:50 dilution of each serum sample. Sera from animals known to be positive and negative for BIV-specific antibodies were used as positive and negative controls, respectively.
Single radial immunodiffusion. Total serum IgG1 concentrations in blood samples from dam/calf pairs were determined using a single radial immunodiffusion (SRID) kit n according to kit instructions. Serum (3 l) from cows and calves was pipetted into paired wells of SRID plates, along with IgG1 reference standards ranging from 125 to 1,000 mg/dl in concentration. The plates were covered and left undisturbed at room temperature. After 24 hr, the diameter of the rings of precipitation were measured. The diameters of the rings of precipitation of the reference standards versus the concentration of the reference standards were plotted on a semilog graph, and a standard curve was generated. The IgG1 concentrations of the test sera were determined by extrapolating these values from the standard curve.
Results

Serologic detection of BIV-infected animals.
Western blotting and hybridization of serum collected at parturition from the 22 cows and their calves was done to determine whether the sera contained antibodies to BIV proteins ( Table 2 ). With the exception of dams 696, 736, and 744, which did not display detectable antibody to BIV at parturition, all dams reacted serologically to BIV p26, the major core protein, or BIV p55, a gag protein. Many of the animals were weakly reactive to viral proteins. Only 1 of the calves, calf 661, tested positive serologically. The patterns of antibody responsiveness to BIV proteins were not predictive of the ability of PCR to detect BIV provirus at parturition.
Identification of BIV-infected animals by PCR and Southern blotting. The results of Southern blots and hybridizations of PCR products amplified using RT and pol primer pairs are shown in Figs. 1 and 2 , respectively. Many of the paired DNA samples were tested with both sets of primers, and in most cases samples that were negative with 1 set of primers were retested with the other set. In some cases, animals were positive with 1 but not both sets of primers (data not shown). Five of the DNA samples that tested negative using RT primers could not be retested with pol prim- Table 2 . The BIV specificity of both the RT and pol primers was documented previously 20, 32 ; therefore, animals that were positive by PCR using either of the sets of primer pairs were considered BIV provirus positive.
Collectively, 14 of the 22 calves (64%) were positive for BIV provirus. Six PCR-positive calves were born to mothers that were PCR negative at parturition using both sets of primer pairs. Five of the PCR-positive dams produced PCR-negative calves. Three mother/calf pairs were negative. However, 3 of the PCR-negative calves were tested with only one set of primers, so it is possible that additional positive calves were not detected. The predicted size of the product amplified with RT primer pairs was 495 bp. A doublet product of 495 bp and 460 bp that hybridized with the BIV-specific probe was amplified from the DNA of calves 771, 661, and 802 and of the positive control. The 460-bp product alone was amplified from the DNA of dam 639. The 460-bp product has not been sequenced, so its identity is currently unknown. PCR using the actin primers resulted in the amplification of the actin fragment from all DNA samples, indicating that all DNA was suitable for PCR analysis (data not shown).
SRID.
Placental transfer of immunoglobulins apparently does not occur in cattle. All passive transfer of immunoglobulins occurs as a result of the consumption of colostrum. Colostral immunoglobulins are absorbed across the intestinal epithelium and enter the bloodstream via the lymphatics. When normal colostral transfer of immunoglobulins occurs, calves typically have serum IgG1 concentrations equal to or greater than those of the dam. 15 The SRID is used mainly to determine failure of passive transfer of maternal immunoglobulins. Several of the calves in this study were born at night when herdsmen were not present at the delivery, so it was unknown whether these animals had nursed their dams before blood was collected. Although lactogenic transfer of BIV has not been proven, the presence of contaminated leukocytes in the milk of BIV-positive cows has been reported. 20 Therefore, the potential for colostral transfer of BIV existed, and the inclusion of data obtained from calves that had possibly nursed prior to collection of blood samples would have confounded the interpretation of the data. The SRID procedure was used to document whether colostral transfer of immunoglobulins had occurred in the calves as an indirect means of determining whether they had nursed their mothers. The results of the SRID tests on serum of the 14 calves that were positive for BIV and their dams are shown in Fig. 3 .
Four of the calves, animals 661, 639, 813, and 744, had serum IgG1 levels that were higher than those of their dams, and the IgG1 titer of calf 696 was only slightly lower than that of its mother. Therefore, we concluded that these animals had received colostral immunoglobulin before blood was collected. Although the IgG1 titers of calves 743, 837, 696, and 802 were well below those of their dams, the presence of detectable serum IgG1 at the time of blood collection was suggestive of possible lactogenic transfer, and these calves were considered indeterminate for having nursed.
Discussion
These data provide conclusive evidence that vertical transmission of BIV occurs in naturally infected dairy cattle. The amplification of a BIV-specific sequence from the leukocyte DNA of 14 of the calves demonstrated the presence of infected leukocytes in the peripheral circulation. Considering that up to 8 of the calves may have nursed their infected mothers, these animals may have become BIV infected by the lactogenic rather than the transplacental route. Six of these 8 dams were positive for BIV by PCR at parturition; therefore, BIV-infected leukocytes gleaned from the peripheral circulation may have been present in the colostrum. An analysis of the colostrum of these animals was not done. The possibility of lactogenic transmission could not be disregarded, so these 8 calves were excluded from the final interpretation of the incidence of transplacental transmission in these animals. Thus, at least 6 of 22 calves (27%) were transplacentally infected with BIV. The remaining 8 animals were infected transplacentally, perinatally, or lactogenically. Those calves that received colostral IgG1 from BIV-seropositive dams were expected to be BIV seropositive as well. However, only 1 of those calves (calf 661) was seropositive for BIV using the Western blot hybridization assay. Perhaps the titer of BIV-specific antibodies in the colostrum was insufficient to provide a detectable antibody response in the serum of the calves, suggesting transmission of the virus late in gestation. Alternatively, the predominant BIV-specific antibody isotype in the colostrum may not have been detected with this serologic procedure.
The failure to detect BIV in the leukocytes of 6 of the cows that gave birth to BIV-positive calves indicates that infected leukocytes were below the level of detection in the peripheral circulation at parturition. In total, 8 calves were PCR negative for BIV provirus. Those calves either were not infected or were infected very late in gestation or at birth, so that insufficient infected cells were present for detection of the virus by PCR. Alternatively, fluctuations in the number of infected leukocytes in the peripheral circulation may have occurred, resulting in a low level of viremia in some animals. Because the intent of this study was to determine whether transplacental transmission occurs rather than to measure the frequency of transmission, neither additional molecular procedures nor virus isolation were performed to identify additional infected calves. Long-term monitoring of these negative calves would provide a clearer indication of their BIV status. Such a study of these animals would require their isolation from the herd to eliminate the possibility of horizontal transmission of BIV. Measures also would have to be taken to ensure that the calves were not fed pooled colostrum and milk to avoid postnatal transmission of the virus. This extended evaluation of the animals was beyond the scope of the present study.
Forty percent (14/35) of BIV-seropositive cows in a Louisiana State University dairy gave birth to calves that were BIV seropositive in precolostral serum samples as indicated by indirect fluorescent antibody analysis. 28 These results are suggestive of natural transplacental transmission of BIV because the calves did not receive passively transferred antibody. However, the investigators did not attempt to identify virus in the calves either by molecular means or by culture, so the presence of the virus in the calves was not demonstrated.
Vertical transmission of pathogens is complicated and multifactorial. Viral phenotype, viral tropism, and maternal viral load are key factors in determining whether a virus is transmitted vertically. 6, 14, 23, 24, 27, 35 Only selected maternal viral variants of HIV-1 are able to cross the placenta. 18 HIV isolates classified as slow/ low (isolates that are unable to replicate to high numbers in PBLs) are less likely to be transmitted than are rapid/high viruses (isolates that replicate to high numbers in PBLs within a short period of time), which are considered more virulent. 3, 26 If BIV parallels HIV, the nontransmitting mothers may have harbored a viral variant that was not able to replicate to high enough levels in PBLs or in the placental tissue to be transmitted to offspring.
Although the immunosuppressive effects of BIV infections of cattle are unclear, it is known that lower CD4ϩ T-cell counts and higher viral loads in humans infected with HIV or cats infected with FIV contribute to a greater rate of vertical transmission of those viruses. 7, 16, 21, 33 Immunologic features of the infected dam and calf, including alterations in T-cell subsets and inflammatory cytokine expression, and certain biological features of the transmitted virus, including replication efficiency, cell tropism, and genotype, may play important roles in the efficiency of transplacental transmission of BIV. Additional studies are necessary to identify those characteristics of host and virus that predispose vertical transmission of this bovine lentivirus.
